An essential guanine nucleotide-binding protein, Obg, ofBacillus subtilis has been characterized with respect to its enzymatic activity for GTP. The protein was seen to hydrolyze GTP with a Km of 5.4 tLM and a kcat of 0.0061 min-at 37TC. GDP was a competitive inhibitor of this hydrolysis, with an inhibition constant of 1.7 5uM at 37TC. The dissociation constant for GDP from the Obg protein was 0.5 FiM at 4TC and was estimated to be ml. These cells were induced at an optical density at 600 nm of 0.5 to 1.0 with 2 mM isopropyl-o-D-thiogalactoside (Diagnostic Chemicals) and harvested by centrifugation at 6,000 X g for 15 min after an additional 2 h of growth. Cell pellets were stored at -20'C. In the case of Obg(Ts), DH5ct was transformed with pJH4223, which placed obg(Ts) under a tac promoter. In this case, cells were grown at 30'C.
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Reagents. GTP was from Calbiochem. [-y-32P]GTP (6,000 Ci/mmol) and [8,5' -3H]GDP (11.5 Ci/mmol) were supplied by New England Nuclear. IBF Biotechnics was the source of DEAE Trisacryl LS, while Bio-Rad supplied Affi-Gel blue and hydroxylapatite. Pharmacia supplied S200 resin. Activated charcoal, phenylmethylsulfonyl fluoride, and GDP were from Sigma. Proteins used to standardize the S200 column were from Sigma and Bio-Rad. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) protein standards were from Bio-Rad.
SDS-PAGE. SDS polyacrylamide slab gels (17) were either 12% (acrylamide-bisacrylamide at 29:1) or 15% running gel (15 by 8 cm) with a 5% stacking gel (15 by 1 cm). Samples were prepared by addition of 0.3 eq of tracking dye (167 mM Tris at pH 8.5, 6.7% SDS, 33% glycerol, 0.033% bromophenol blue, 7.3 M 13-mercaptoethanol) to 1 eq of Obg (10 jig) or an Obg reaction mixture containing 10 jig of Obg. Unphosphorylated samples were heated at 100'C and run at a constant 200 V until the bromophenol blue reached the bottom of the gel, and the gel was stained with Coomassie blue. Phosphorylated samples were loaded to the gel without heating and run at a constant 25 mA until the bromophenol blue had run 80% of the length of the running gel. The gel was cut just above the dye line to remove any radioactivity associated with GTP or Pi. The gel was rinsed briefly in water and either exposed to X-ray film (X-Omat AR5) for -16 h at -700C or placed in a phospho- Purification. All procedures were performed at 40C. Frozen cell pellets (induced DH5a with pJH4604 or pJH4223 for the temperature-sensitive mutant) from 4 liters of culture were resuspended in 100 ml of 50 mM Tris at pH 7.5-1 mM EDTA (buffer A) supplemented with 1 mM phenylmethylsulfonyl fluoride. Following sonication, the crude lysate was clarified by centrifugation at 27,000 X g for 30 min in an SS34 rotor. All columns were preequilibrated with buffer A. The supernatant (Fig. 1, lane 2) was applied to a DEAE Trisacryl column (2.5 by 9 cm), washed with 100 ml of buffer A, and eluted with a 1-liter linear gradient of buffer A to buffer A plus 0.5 M KCl. Peak Obg fractions of this and subsequent columns were determined by SDS-PAGE. The relevant fractions were pooled (Fig. 1, lane 3 ) and applied to a hydroxylapatite column (1.5 by 13 cm). The column was washed with 100 ml of buffer A and eluted with a 250-ml linear gradient of buffer A to 100 mM KPi at pH 7.5-1 mM EDTA. Obg-containing fractions were pooled (Fig. 1, lane 4) , applied to an Affi-Gel blue column (2.5 by 9 cm), and eluted with a 1-liter gradient of buffer A to buffer A containing 1.0 M KCl. The appropriate fractions were pooled (Fig. 1, lane 5) , concentrated on a 2-ml hydroxylapatite column, and eluted with 100 mM KPi at pH 7.5-1 mM EDTA-20% glycerol. The concentrated protein (-3.5 mg/ml) was stored in 0.5-ml aliquots at -20'C. Prior to use, Obg was equilibrated on a Pharmacia Superdex 75 16/60 column with 50 mM Tris at pH 7.5-100 mM KCl (buffer B) and concentrated with an Amicon Centriprep 10 at 1,500 X g.
Determination of native molecular weight. Obg (1.7 mg/ml) and Obg(Ts) (3.3 mg/ml) were separately chromatographed on an S200 column (2.5 by 84 cm) in buffer B. The column was standardized with cytochrome c (12.4 kDa, 4 mg/ml), equine myoglobin (17 kDa, S mg/ml), carbonic anhydrase (29 kDa, 4.5 mg/ml), chicken ovalbumin (44 kDa, 10 mg/ml), bovine serum albumin (66 kDa, 10 mg/ml), yeast alcohol dehydrogenase (150 kDa, 7.5 mg/ml), bovine -y-globin (158 kDa, 10 mg/ml), and thyroglobulin (670 kDa, 10 mg/ml). Identification of the type of residue which is autophosphorylated on Obg. After autoradiography, the gel was sliced into three parts, each containing one radioactive Obg band. One slice was saved as a control, one was incubated at 55°C for 1 h in 0.2 N HCl, and a third was incubated at 55°C for 1 h in 1 N NaOH (6) . After this treatment, the gel slices were again exposed to X-ray film.
Rate of release of P1 from the Obg phosphoenzyme. Obg (10 jiM) or Obg(Ts) (10 ,uM) Tris at pH 8.5, 0.1 mM EDTA, 1.5 mM MgCl2, 200 mM KCl, 10% glycerol, and either no nucleotide triphosphate or 2.5 mM GTP. As a function of time, 20-Ll samples were withdrawn, quenched with 6 pJ of tracking dye, and stored at -200C until the last samples were taken at 50 h. Quenched samples were thawed, loaded to an SDS-15% polyacrylamide gel, and run at 25 mA. The resultant running gel was exposed to a Molecular Dynamics Phospho Screen overnight at room temperature. Data were obtained with a Molecular Dynamics Phosphoimager and analyzed to determine the first-order rate constant of dephosphorylation.
RESULTS
Purification of Obg or Obg(Ts) resulted in a final product which ran at the appropriate subunit molecular mass (47.7 kDa) on SDS gels. The homogeneity of the final product (Fig.  1, lane 6) was greater than 98%. The yield per liter of culture of the purified protein was 5 to 10 mg. When examined for quaternary structure by molecular sieve chromatography, both Obg and Obg(Ts) eluted at a relative molecular weight of 56,000. This value is approximately 12% higher than the subunit molecular weight calculated from the protein's primary sequence. This difference may reflect an imperfect spherical shape of the protein, and it is believed that Obg is, indeed, monomeric. Protein autophosphorylated in vitro also eluted at a relative molecular weight of 56,000, indicating that this phosphorylation does not change the quaternary structure of Obg.
GTPase activity of Obg. Analysis of the primary sequence of Obg revealed a central portion of the protein which contained sequences identified with guanine nucleotide-binding sites in G proteins, elongation factors of E. coli, mammalian Ras, and procaryotic proteins such as Era (29) . These representatives of a superfamily of proteins are known to both bind and hydrolyze GTP (3, 4) . Photoactivation of GTP in the presence of Obg resulted in a covalent modification of Obg which was stable to acid precipitation, heat, and SDS-PAGE (29) . While this evidence was sufficient to indicate binding of GTP to Obg, it could not address the issue of Obg's enzymatic activity with respect to GTP. It was therefore of interest to examine directly Obg's ability to hydrolyze GTP. As a first approach, GTP radiolabelled in either the at or -y phosphate was incubated with Obg and samples of the reaction were applied to a polyethyleneimine cellulose thin-layer plate. The plate was developed under conditions which would separate GMP, GDP, GTP, and Pi (24) . Following incubation with Obg, GTP labelled in the -y position was found to release labelled Pi. GTP (Fig. 3 ). The hydrolysis rates at 10 jiM GTP which can be calculated from the slopes of Fig. 2 The hydrolysis of GTP by Obg was observed to be saturable and could be represented by the standard equation for a single substrate enzyme reaction. The observed KmGTP = 5.4 jiM, while the maximum velocity is 127 pmol/min * mg, which corresponds to a kcat of 0.0061 min-'. These data are shown in Fig. 4 by the line determined in the absence of GDP.
Inhibition of GTP hydrolysis by GDP. GMP, GDP, and several analogs of GTP were examined to identify an inhibitor of GTP hydrolysis by Obg. The initial screen indicated that GDP was the best inhibiior of those tested. A more extensive analysis of GDP inhibition was subsequently undertaken, and the results are presented in Fig. 4 . Apparent in the figure is the characteristic Lineweaver-Burk pattern of competitive inhibition, in which the rate at saturating GTP concentration converges on Vmu. The data can be fit to the equation for competitive inhibition of a single substrate enzymatic reaction in which we can identify KmG, the apparent = KmGTP{1 + ([GDP]/K GDP)}. Replotting the observed apparent KmGTP, at each concentration of GDP against the GDP concentration allows the K1GDP to be determined from the quotient of the intercept to the slope of the resulting line. This yields a KIGDP of 1.7 jiM.
Determination of the dissociation constant for GDP. In order to confirm the observed K1GDP and to establish a measure of the fraction of active protein present in the purification, equilibrium dialysis with 3H-labelled GDP and Obg was undertaken. The results of this experiment at 40C are presented as a Scatchard (26) (14) forms of Ras that the protein is autophosphorylated by GTP. As a consequence, the ability of Obg to autophosphorylate with GTP as a substrate was examined and Obg was found to be covalently modified. The nature of the phosphorylated residue was investigated by observation of the stability of the protein-phosphate bond in acid or base (6) . Figure 6A presents the autoradiograph of three equivalent phosphorylated Obg samples following electrophoresis on SDS-polyacrylamide gels. Three slices of this gel were then examined for acid-base stability as described in Materials and Methods. Following acid or base treatment, the gel slices were again autoradiographed. It is obvious from Fig. 6B that the in vitro-phosphorylated form of the protein is stable to base (lane 1) but labile in acid (lane 2). This result implicates the modification of a nitrogen group on the protein, generating a phosphoamidate. ATP could not substitute for GTP in the in vitro autophosphorylation reaction.
It was necessary to examine this phosphorylated form of Obg in greater detail to determine if the hydrolysis of GTP proceeded by a covalent phosphoenzyme intermediate. Obg-P was prepared and separated from excess GTP by chromatography through a molecular sieve column. It was noted that the eluted radiolabelled phosphoprotein represented only 0.002 eq of the total protein. With this protein, the off-rate of labelled phosphate under standard GTPase assay conditions was examined. The release of phosphate was followed over 50 h at 37°C and seen to be first order (Fig. 7) . The rate of release of this covalently bound phosphate is equivalent to 0.693/(t1/2), where t1/2 is defined as the time required to remove 50% of the phosphate. This rate is equivalent to 0.00036 min-'. This off-rate, which is equivalent to the hydrolysis rate of covalently bound phosphate, is only 6% of the observed kcat of GTP hydrolysis and is not consistent with the covalent phosphate lying along the reaction path of this enzyme. While the data in Fig. 7 were obtained in the absence of GTP, only minimal (<15%) decrease in the half-life was observed in the presence of 2.5 mM GTP, a result which also suggests that Obg-P is not on the reaction pathway.
Effect of temperature on GTPase activity of Obg and Obg(Ts). A Ts mutant of Obg [Obg(Ts)] has recently been isolated (16) . This protein has been purified by the same procedure as that which was used for the wild-type protein.
The protein is observed to be monomeric both before and after in vitro autophosphorylation. Small differences in the kinetic A.
Obg -. B. This off-rate is only 3% of the kcat of GTP hydrolysis. These small differences are not consistent with a major effect on the GTPase activity being responsible for the observed in vivo effects of Obg(Ts).
DISCUSSION
A kinetic scheme which represents Obg hydrolysis of GTP is presented in Fig. 8 . In this scheme, the bold arrows represent the primary pathway of this reaction. It is believed that hydrolysis is the result of an in-line attack of an activated H20 molecule upon the -y phosphate of GTP. This would result in a stereochemical inversion of configuration of the y phosphate, as has been directly determined for p21c-Haras (10) . The scheme further shows that GDP is the last product released, which is consistent with the observed competitive inhibition of GDP for the substrate GTP, implying that both nucleotides interact with the same form of the free enzyme.
The (21) . Recently, Sood et al. (28) have shown that Era from E. coli can be autophosphorylated by GTP, generating both phosphoserine and phosphothreonine residues. Sequence localization of the modified residues with respect to the Ras structure placed them within the equivalent of loop 2 of Ras. For Ras, loop 2 is known to be involved in the interaction of the protein with GAP (31) .
It is unclear at this time whether Obg is phosphorylated in vivo. In vivo phosphorylation has been observed for both Era (28) and certain mutants of p2lHa-ras (14) . In the case of p21 from Harvey murine sarcoma virus (27) Of the procaryotic guanine nucleotide-binding proteins which have been examined in vitro, Era most closely resembles Obg in parameters such as kcat, KmT, and KdGDP (7). Unlike Ras, both proteins have micromolar binding constants for GDP. In the case of Ras, it has been argued that an aromaticaromatic interaction between the guanine base and Phe-28 are, in part, responsible for the high affinity which Ras has for both GDP and GTP (31) . This phenylalanine residue is not conserved in either Era or Obg.
Both Era (13, 18, 20) and Obg (16) are essential for cellular viability, and both have yielded Ts mutations. In contrast to the Ts Era, both wild-type and Ts forms of Obg are quite similar in kinetic parameters with respect to GTP hydrolysis, at permissive and nonpermissive temperatures in vitro. It has been speculated that in the case of Era, the Ts GTPase activity is responsible for the loss of viability at the nonpermissive temperature (18) . This cannot be the case for Obg(Ts). It seems unlikely that the observed in vivo phenotype of the Ts mutant is the result of the slightly higher kcat for GTP hydrolysis. It is generally believed that the members of the GTPase superfamily function by cycling between the GTPbound on state and the GDP-bound off state (3, 4) . In terms of Obg lying on a signal-transducing pathway, this slight activation of Obg(Ts) would shut off the presumed signalling form of the protein more quickly. Such slight activation is trivial compared with the 105-fold increase in GTP hydrolysis rate seen for Ras in the presence of GAP (2, 31) . It seems more likely that the Ts mutation in Obg(Ts) impairs the ability of this protein to interact with other proteins of the signal transduction pathway.
The rate of GTP hydrolysis by Obg, 0.006 min-1, is similar to that which has been observed for Ras and is much slower than the rates for the (x subunit of G proteins, which are in the range of 3 to 5 min-' (15) . The rate at which Ras can hydrolyze GTP is greatly enhanced by effector molecules such as GAP (2, 31) . Although it can be speculated that a GTPase-activating protein may well function in the signal transduction pathway of Obg, no evidence for such a protein has yet been found.
Bourne et al. (4) have described primary structure sequence motifs (G1 to G5) which are associated with the GTPase superfamily. Analysis of the primary sequence of Obg, deduced from the nucleotide sequence of the gene, revealed a central portion of the protein which contained amino acid motifs characteristic of a guanine nucleotide-binding protein (29) . It was later proposed on the basis of the G1 (P-loop) sequence that Obg and several other proteins belonged in a discrete subfamily of guanine nucleotide-binding proteins, all of which are of unknown function (12) . Further examination of the amino acid sequences of Obg, Schizosaccharomyces pombe GTP1, and the deduced product of an open reading frame of Halobacterium cutirubrum reveal a conserved G2 sequence, Y(E/H)FIT7L, supporting the argument that these three proteins belong in a distinct subfamily. It has also been suggested that HflX of E. coli (23) also belongs in this subfamily. However, to the extent that G1 and G2 are subfamily specific, HflX has probably been misassigned.
